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Numerical Solution of Two-
Dimensional Turbulent Separated 
Flows Using a Reynolds Stress 
Closure Model 
Turbulent boundary layer separation is studied using the turbulence closure model 
suggested by Mellor and Yamada. An explicit central finite-differencing scheme is 
used to solve the governing transport equations. Three flow problems are con-
sidered: separation on aflat surface, separation and reattachment over a backward-
facing step, and turbulent free shear layer with streamwise curvature. In the problem 
of separation behind a backward-facing step, nearly cyclic vortex shedding is ob-
tained whereas the other two problems are stationary. The computed results for 
both mean and turbulence quantities are in fairly good agreement with experimental 
data. 
Introduction 
Separation of turbulent boundary layers is observed in 
many fluid devices such as airfoils, diffusers, and tur-
bomachines. Flow separation produces significant losses in the 
performance of the machines and naturally has been of great 
interest to engineers for many years. In the separation zone the 
mean flow changes direction, requiring the use of 
directionally-sensitive instruments for reliable measurements. 
Unfortunately, most of the well-established techniques such as 
hot-wires are not directionally-sensitive limiting their use to 
measurements taken before separation. However, useful ex-
perimental information in the separation zone has become 
available with the introduction of the laser-Doppler 
anemometry. 
Theoretical studies of turbulent separated flows are not 
easy. Turbulence is, itself, complicated and the problem 
becomes more difficult with flow separation. For example, the 
boundary-layer equations are not valid for separated flows, 
nor does the law-of-the-wall hold near the separation point. 
Separation also prevents the application of some turbulence 
closure models which are widely used for simpler flows. Close 
to the separation region the experimentally observed mixing 
lengths [1-3] become smaller than those predicted by mixing 
length models and in the separation region the eddy viscosity 
can be negative. 
In this study, the full Reynolds stress closure model sug-
gested by Mellor [4] and by Mellor and Yamada [5] is applied 
to two-dimensional (planar), incompressible turbulent 
separated flows. Three flow problems are considered. In the 
first problem, separation on a flat surface is studied. The flow 
is stationary and the prevailing pressure gradient is the most 
important factor in the determination of the overall flow con-
figuration. In the second problem, separation and reattach-
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ment behind a backward-facing step is studied. In this 
problem nearly cyclic vortex shedding is obtained. In the third 
problem, a free shear layer with streamwise curvature is 
studied. In this problem separation is prevented by boundary 
layer suction. The flow is stationary and is like a jet near the 
walls. 
For the three problems under study, the turbulence model 
and the modeling constants are not modified. The results are 
compared with the experimental data presented at the 1980-81 
AFOSR-HTTM-Stanford Conference on Complex Turbulent 
Flows, Comparison of Computation and Experiment [6]. 
The Governing Differential Equations 
In this study, the vorticity-stream function approach is 
used. The ensemble mean stream function equation, 
d2\p a v _ 
dx2 By2 
(1) 
is obtained from the definition of the stream function (£/, V) 
= (d\f//dy, -d\p/dx) and the mean vorticity, £ = dU/dy — 
dV/dx; ([/, V) is the mean velocity vector. The transport equa-
tion for the mean vorticity, 
Dt, d2(-uv) d2(v2-u2) d2(-uv) 
Dt dx2 dxdy by2 
(2) 
is derived by taking the curl of the mean momentum equation. 
The material derivative, D{ )/Dt = d( )/dt + Ud( )/dx + 
Vd( )/dy, contains the local time derivative and the advective 
space derivatives. 
For the Reynolds stresses that appear in equation (2), we use 
the closure model suggested by Mellor et al. [4, 5]: 
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where we define AT = 3lqSq/5, q
1 = u2 + v2 + w2, A , = 
0.92, 5 , = 16.6, C, = 0.08 and Sq = 0.2. 
The length scale, /, in equation (3) is modeled by another 
transport equation, 
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dV 
— v*-  
dx dy 
where a wall proximity length scale, L, is defined according to 
1 C ds 
L - ' ( x ) = -
I x - x J 2 (5) 
x is any point in the fluid domain bounded by solid wall at x,v, 
and ds = I d\w I. The modeling constants in equation (4) are 
Nomenclature 
Ex = 1.8, E2 
constant. 
1.33, S, = 0.2; K = 0.41 is Von Karman's 
Numerical Technique 
The local time derivative and advective space derivative 
parts of the left sides of (2)-(4) are differenced by explicit cen-
tral differencing and leapfrog schemes respectively. Equation 
(1) is also centrally differenced and is solved using an 
alternating-direction implicit (ADI) method. 
Initially, the flow is irrotational and the Reynolds stresses 
and length scale are set to small arbitrary values. Then (2)-(4) 
are used to update the vorticity, stress components and length 
scale to the next time level. Boundary values will be stipulated 
in the following discussion for each of the three problems. 
After the updated vorticity distribution is obtained, equation 
(1) is solved for the stream function. The time stepping process 
is repeated until either a steady-state solution or cyclically 
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To maintain computational stability, an explicit diffusion is 
added to the transport equations. This is a fraction of the ar-
tificial diffusion term inherent in the upwind forward scheme. 
In each flow problem, the minimum value is used for this frac-
tion which introduces artificial viscosities of the order of Ax2 
and Ay2, respectively, and the second order accuracy of the 
scheme is preserved (p. 66 [7]). 
Turbulent Boundary Layer Separation on a Flat Surface 
Although flow separation on a flat surface is the simplest 
geometry to study, until recently very little quantitative infor-
mation has been available due to lack of proper instrumenta-
tion. Recently Simpson et al. [1-3] obtained useful data in the 
separation zone using directionally-sensitive laser-Doppler 
anemometry. The schematic sideview of the wind tunnel they 
used in their experiments is shown in Fig. 1. At sections A, B, 
and C there is boundary layer suction and high momentum 
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Fig. 1 Schematic of experimental apparatus 
Computations for this case were on a 45 x 45 grid located 
between x= 2.197 m and JC = 4 . 3 4 m in the horizontal direction 
and between y = Q and .y = 0.328 m in the vertical direction. 
The purpose of the computations was to simulate the flow 
structure of the turbulent boundary layer under the effect of 
an adverse pressure gradient. Therefore, experimental data 
were used only in defining the entrance conditions and for 
specifying the freestream velocity at the top boundary. At the 
entrance section, £ (assuming d V/dx = 0), yp,u2,v2 and uv 
were obtained from the data. Since data were not available for 
w2 and /, w2 was assumed to be w2 = v2 and / was obtained by 
assuming an equilibrium turbulent boundary layer at the en-
trance. At the exit section, we let d2\p/dx2 = 0, d£/dx = 0, 
duju,/dx = 0 and dq
2l/dx_=Q. At the wall, \j^ = l = Q; Neuman 
boundary conditions, du2/dy = dv2/dy = dw2/dy = 0, were 
used for the turbulence intensities. At the top open bound-
ary d%/dy = 0, dUjUj/by = Q, dq2l/dy = 0 boundary condi-
tions were used and the freestream velocity was obtained from 
the data. 
The turbulence model does not include the viscous sub-
layer, i.e., the model calculates the "outer function" which 
must be matched to an "inner wall function" which, in the 
case of non-separating flows, is the law-of-the-wall. The 
numerical mechanics are that, given a calculated velocity, U, 
at the point nearest the wall, y, the wall function must supply 
the wall shear stress. Although the straight law-of-the-wall 
function does work operationally we have found that the wall 
model suggested by Mellor [8]1 yields results in closer agree-
ment with data. This model had been shown to compare well 
with data close to separation; its capability of coping with ful-
ly separated flow has not been established. 
The model may be cast in the form U/uT =f(yuT/v, T/TW) 
where TW is the wall (kinematic) stress (I rw I = u
2) and U and T 
1 This wall layer model is based on an effective viscosity which asymptotes to 
the molecular viscosity near the wall and the Prandtl relation K2 y2 I dll/dy I far 
from the wall and a linear variation of the total shear stress close to the wall. It 
may also be shown that equations (3) and (4) asymptote to the Prandtl relation 
close to wall. Thus, in the parlance of singular perturbation theory, we 
numerically calculate the outer function which is matched to an inner, analytical 
function represented by equations (6) and (7). 
are the mean velocity and stress at y. Specifically, outside of 
the viscous sublayer the model yields when TW and T have the 
same sign: 
U 1 
^ — — = fl+ + In 
«Tsign(Tw) K 
WT 
- ] • (6) 
or when T„ and T have opposite signs: 
U 2 r -r 1/2 
ursign(Tw) 
+ In 











where sign (r„) = T W / I T W I and B
+ depends on the nondimen-
sional parameter a = (T/TW- \)/(yu7/v). As T/TIV — 1 , the wall 
model asymptotes to the conventional law-of-the-wall rela-
tion. Also B+ - 4 . 9 as T / T . , , - 1 . 
0.328 
y(m) 
2.197 x(m) 4.34 
Fig. 2 The streamlines for the separated flow on a flat surface 
By numerically integrating the transport equations for a 
time - 4 0 H/U0 (H=2 m, U0 = 20.43 m/sec) a stationary, 
separated flow configuration is obtained. The streamlines of 
the stationary flow are shown in Fig. 2. The mean velocity U, 
turbulence intensity u', turbulent shear stress uv are plotted in 
Fig. 3, 4 and 5, respectively. The measured boundary layer 
thicknesses are marked at each location. The skin friction 
coefficient, Cj = Tvl/VipU
2
x, is plotted in Fig. 6. All of these 
quantities are nondimensionalized with respect to the local 
freestream velocities. 
The detachment point which is defined as the location where 
Cf is zero is around x= 3.267 m. In the experimental data, the 
location where Cf is zero is not available and reliable Cf data 
were originally presented only upto x= 3.048 m. This is due to 
the fact that Cf data, obtained by Simpson et al. [9] using the 
law-of-the-wall, were not considered reliable and were exclud-
ed from the Stanford data set. However, the Cy values were 
small as are the values that one would roughly obtain from 
Fig. 6. Subsequently, Simpson [10] deduced a Cf value in the 
separated region and this is also included in Fig. 6 where 
* = 4.34 m. 
The deviation of the computed results from the experimen-
tal data in the region close to the exit section is caused partly 
by the coarseness of the mesh and partly by the exit boundary 
conditions. We have, however, tried several different boun-
dary conditions at the exit section. The experimental data was 
used as the exit boundary condition for the stream function. 
The results were very close to the previous results except near 
the exit section where comparison with the data was less 
favorable. In one of our runs, we reduced the backflow 
velocities at the exit by half; but this had very little effect on 
the results in the separation region away from the exit section. 
This supports the hypothesis that the reverse flow in the 
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x = 4.34 m 
Fig. 4 u'/t/o, profiles at various locations 
separation region is not unduly sensitive to disturbances in the 
mean backflow far downstream as had been demonstrated ex-
perimentally by Simpson et al. 
The results are found to be insensitive to various wall boun-
dary conditions for the turbulence intensities, u', v', w'. 
However, the results improved considerably when the wall 
shear stress is obtained using the modified wall layer model 
U/uT =f(yuT/p, T/T„ ) instead of the conventional logarithmic 
law-of-the-wall. When the latter is used, the detachment point 
is moved upstream 16 percent of the length of our computa-
tional domain. 
Our results are found to be sensitive to the prevailing exter-
nal pressure gradient. It is found that perturbing the 
freestream velocity distribution by 5 percent can move the 
separation point downstream 25 percent of the length of the 
computational domain. No other boundary conditions exerted 
this much effect on the results. 
As can be seen from Figs. 3, 5, and 6, the mean flow and 
uv are predicted fairly well whereas the u' in Fig. 4 shows 
deviations from the experimental data close to the wall and 
near the exit. In order to improve the results, the mesh size was 
reduced by one half, but this changed the results very little. A 
staggered mesh system with an equal number of grid points in 
the entrance and exit boundary layers is unsuitable for the 
elliptic scheme used, as 6 grows by a factor of 10 requiring 
very small Ay near the entrance and hence very small At for 
computational stability. 
Recently, Simpson [10] has correlated his near wall velocity 
data downstream of separation in the form, U/\UN\ 
=f{y/N), where UN is the maximum backflow velocity and TV 
is the distance from the wall to the maximum velocity. Figure 
7 is Simpson's data correlation. The dashed line is equations 
(6) and (7) whereas the solid line is a numerical solution which 
extends through the viscous region to the wall as described by 
Mellor [8]. The case plotted is for a= —0.1. There is a dif-
ference between the correlation and the model in the range 
0.02<y/N<0.5 such that, for a given U/\UN\, the value of 
the calculated y/Nis about twice the observational value. This 
would indicate that the wall model provides the values of T„ 
that are small by roughly a factor of two. This error only 
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Fig. 6 Cf distribution. The positive data (shown with circles) are from 
[1], whereas the negative datum (shown by a square) is from [10]. 
prevails for "large" values of a where T„ is small. With the 
help of Simpson's data, it seems likely that the wall model can 
be improved in the future. 
Separation and Reattachment of Turbulent Flows Over 
a Backward-Facing Step 
The flow over a backward-facing step has been of great im-
portance to aeronautical engineers because of its close connec-
tion to the flow about bluff bodies. In the past, there have 
been a number of experiments performed on low-speed flows 
over a backward-facing step [11-15], The data with which we 
compare our results were obtained by Kim, Kline, and 
Johnston [14], The cross-sectional view of the test section is 






Free Shear Layer 
Fig. 8 Side view of the test area 
y / N 
Fig. 7 The data points are Simpson's "universal correlation" of the 
velocity profile in separated flow. The solid line is numerically 
calculated according to the wall model of Mellor [8] for a value a = - 0.1 
(an average value for Simpson's separated flow). The dashed line is ob-
tained from (6) and (7). 
The computations were performed on a 31 x 31 grid located 
between x/H= - 4 and x/H— 16 in the horizontal direction 
and y = 0 and y/H = 3 in the vertical direction (U0 = 18.2 m/s, 
H= 0.0381 m). The calculations were then repeated using a 
61 x61 grid with half mesh sizes but very little change was 
observed. 
The boundary conditions are similar to those used in the 
previous problem. The stream functions on opposite walls dif-
fer by an amount determined by volume flow rate. At 90 deg 
corner, the wall vorticity is evaluated using the method sug-
gested by Briggs et al. [16] which ensures that the streamlines 
remain parallel to their original direction after leaving a 90 deg 
corner. The corner vorticity is defined by £ c= — fidU/dy 
where the parameter /3 is of order 1. j3 is modified slightly at 
each time step if the stream function at the first grid point 
downstream of corner deviates from that at the corner. 
In our computations, an unsteady flow structure is obtained 
and the flow becomes nearly cyclic in time. The nondimen-
sional cycling time is approximately AT= 10. The time se-
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Fig. 9 The streamlines during two cycles. T = U0tlH is the nondimen-
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Fig. 10 The averaged streamlines, <\p> 
quence of the streamlines during two cycles are shown in Fig. 
9. The shedding of vortices during these cycles can also be 
observed from the vorticity contours (p. 103 [17]). 
In order to compare our results with the time averaged ex-
perimental data, the computational results are averaged over 
an integral number of cycles. The cycle averaged quantities are 
denoted by an angle bracket, e.g., <£/>. Figures 10 and 11 
show the streamlines and the mean velocity {U)/Ua, respec-
tively, after averaging between T= 170 and T— 190. Clearly, 
the flow structure returns to ordinary turbulent boundary 
state quite slowly after reattachment. 
For the Reynolds stresses, one has to add (I/,- — 
<[/,->)({/,• — <l/y» to <«,«,•> in order to include the effect 
of mean velocity variations around <[/,•> to obtain the total 
values. Figures 12 and 13 show the turbulencejntensity (u2) + 
< (£/—<£/>)2> and the turbulent shear stress (uv) + < ( £ / — 
< t /» (V-<K»> along with <w2> and (uv). It can be seen that 
the flow unsteadiness makes considerable contribution to the 
total stresses in the recirculation region downstream of the 
step. Before the separation and after the reattachment, the 
flow unsteadiness has very little effect. 
The unsteadiness of the flow has been observed in the ex-
periments of Kim et al. [14] also. They reported that the reat-
tachment point moves forward and backward continuously 
y/H \ 
x/H = -4 
y/H \ 
x/H = -1 
y/H \ 
x/H = 0 
0 1 0 1 0 1 
y/H 
x/H = 1.333 
0 1 0 1 0 1 
V / H \ 
x/H = 8 
-
1 0 1 
y /H\ 
x/H =\l6 
1 0 1 0 1 0 
Fig. 11 <U>IUa at various locations 
around seven step heights downstream of the step in a fluc-
tuating band of two step heights, i.e., xR = 1H =F H. In the ex-
periments performed by others [18] the Reynolds stress data 
shows large scatter in the recirculation region due to flow 
unsteadiness. Consequently, in the recirculation region 
reliable data are not available for the Reynolds stresses, and 
no data are shown at x/H= 1.333, 2.667, 5.333 in Figs. 12 and 
13. 
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Fig. 12 Turbulence intensity in x-direction 
"J<u2> + <{U- <U>)2>IU0 
JU0 
-0.01 0 0.02 
-0.01 0 0.02-0.01 0 0.02 
-0.01 0 0.02 -0.01 0 0.02 -0.01 0 0.02 
3 I 
y/H 








0.02 -0.01 0 0.02 -0.01 0 0.02 
Turbulent shear stress 
l<uv> + <(U- <1/>)(V-
<uv>ll)l 
<v»>\mi 
The power spectrum data obtained from the reattaching tur-
bulent shear layers behind a backward-facing step show that a 
considerable fraction of turbulence fluctuations occur at low 
frequencies (at nondimensional frequencies, fH/U0, less than 
0.1) [19]. In our computations, the nearly cyclic vortex shed-
ding has a nondimensional frequency of 0.1 which is in good 
agreement with the data. However, the computed vortex shed-
ding is at a nearly discrete frequency instead of a band of fre-
quencies. Interestingly, for the flow behind a circular cylinder, 
the Strouhal number based on the cylinder radius is 0.105 at 
high Reynolds numbers. 
In our results the reattachment point fluctuates around the 
location x/H=7.89 which is a couple of grid points 
downstream of the location x/H=5A0 where the stream func-
tion on the first grid point adjacent to the wall is zero. With 
the finer grid (61 x61) these two locations are at x/H=l.15 
and x/H=5.%\, which is a slight improvement. The thin 
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Fig. 15 The pulsed wall probe measurements of Westphal et al. [20] are 
the data points. The solid lines are calculated values. 
reverse flow close to the wall between these two locations can 
only be detected from the skin friction results and not from 
Figs. 10 and 11. It does, however, seem unrealistic as the two 
locations should be much closer to each other. 
For this problem, we also computed the pressure coeffi-
cient, Cp, by diagnostically solving the momentum equation 
once the solution is obtained. The results for Cp are in good 
agreement with the data (Fig. 14) except at the point where the 
step wall intersects the bottom wall. This is possibly related to 
the relative coarseness of the grid in this region of rapid 
change. 
Westphal et al. [20] have made an additional observation 
using a "pulsed wall probe" designed to measure skin friction 
in separating flow. Their measurements are shown in Fig. 15, 
along with the calculated CJV = Tw/l/2pUl values. The salient 
feature of both the measured and calculated values in the 
separated region is their large magnitudes which are associated 
with the large scale unsteadiness in the detached flow region. 
Turbulent Free Shear Layer With Streamwise Curvature 
Flows with large streamwise curvature in the plane of mean 
shear have been studied by Guitton [21] in a wall jet, 
Wyngaard et al. [22] in a mixing layer, So and Mellor [23] in a 
boundary layer, and Castro and Bradshaw [24] in a free shear 
layer. In all these experiments, it was observed that the tur-
bulence structure was changed significantly by the curvature 
of the flow field. In the experiments performed by So and 
Mellor [23] the strong stabilizing effect of a convex wall was 
shown where the shear stress was observed to vanish in the 
middle of the boundary layer. 
In this study a turbulent free shear layer with large stream-
wise curvature is studied and our results were compared with 
the data obtained by Castro and Bradshaw [24]. The cross-
sectional view of the test area is shown in Fig. 16. Boundary 
layer suction at the lower corner prevents flow separation. A 
stagnation point is close to the suction slot. 
0.447 m 
Nozzle 








Bo ary Layer x = 1.3m 
Fig. 16 Schematic of the test area 
The computations were done using a 87x23 grid located 
between x= -0.127 m and * = 0.783 m in the horizontal direc-
tion, and y = 0 and ^ = 0.447 m in the vertical direction 
(U0 = 33m/s). The results are presented in polar coordinates in 
the curved portion of the flow, and in rectangular coordinates 
in the downstream recovery region. 
The turbulence model we use automatically includes the ef-
fects of curvature [25]. The boundary conditions are very 
similar to those used in the previous two problems with the ex-
ception that at the top open boundary and at the exit section 
the boundary condition, d\p/dn = 0, was used (instead of 
d2i//dn2=0 used at the exit sections of the other problems). 
Also at the top open boundary, the flow was assumed to be ir-
rotational with negligible turbulence. The corner wall vorticity 
at the entrance (x = 0, y = 0.447 m) was determined the same 
way as in the step problem. 
Integrating the transport equations, a stationary flow struc-
ture is obtained. The streamlines of the flow are shown in Fig. 
17. At various sections (shown in Fig. 18), the mean flow in 
the streamwise direction and the turbulent shear stress are 
plotted (Figs. 19 and 20, respectively). 
As can be seen from the streamline pictures, the flow is like 
a jet near the walls. The results show discrepancies with the ex-
perimental data in the upstream portion of the flow. However, 
comparison with data improves in the recovery region farther 
downstream. At the entrance where the initial shear layer is 
poorly resolved, only the nominal tunnel exit speed (33 m/s) 
and the longitudinal turbulence intensity (0.1 percent) are 
available as entrance data. Insufficient information provided 
at the entrance section and the coarse grid size are thought to 
be the major sources of error in the upstream section. 
The results are extremely sensitive to the boundary condi-
tions applied at the top section. When the computations were 
repeated assuming a wall to be present at the top section, 
unsteady vortex shedding was observed as in the step problem. 
Summary and Conclusions 
This study concentrates on the prediction of incompressible 
planar turbulent separated flows using the Reynolds stress 
closure model suggested by Mellor et al. [4, 5], The transport 
equations are integrated numerically using a fully elliptic 
algorithm and the unsteady flow structure is obtained by mar-
ching forward in time. The wall boundary condition for mean 
velocity is supplied by the law-of-the-wall, modified to include 
effect of normal shear stress gradient; near separation, this 
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Fig. 17 The computed streamlines 
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was an improvement over the unmodified law-of-the-wall. 
Considering Simpson's near wall velocity data, some error is 
evident and, thus, the wall boundary condition is a subject for 
further improvement. 
Three flow problems are considered: separation on a flat 
surface, flow over a backward-facing step and a free shear 
layer with streamwise curvature. In the first problem, the 
pressure gradient is found to be the most important factor to 
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Fig. 20 Turbulent shear stress profiles 
hypothesis that the reserve flow in the separation region is not 
sensitive to disturbances farther downstream. In the step 
problem, an eddy shedding is obtained and the flow becomes 
nearly cyclic in time. The flow unsteadiness has significant ef-
fect on the flow structure only in the recirculation region 
downstream of the step. In the problem of free shear layer 
with streamwise curvature, the flow is stationary and is like a 
jet near the walls. The results are quite sensitive to the boun-
dary conditions applied at the open top boundary. 
The corner boundary condition of the step problem should 
not be mainly responsible for the eddy shedding since using 
the very same boundary condition a stationary flow develops 
in the curved shear layer problem. Unsteady vortex shedding 
does occur when a wall is stipulated instead of top open boun-
dary; however, this is consistent with the step problem since 
the wall geometries expand abruptly in both cases. Roache (p. 
169 [7]) suggests several methods for the determination of cor-
ner vorticity and argues that neither of them should be ruled 
out because of the singular nature of the corner. In this study, 
the effect of other corner boundary conditions have not been 
investigated though this should be looked at in the future. 
The flow problems studied in this research have been in-
vestigated by other researchers using different turbulence 
models and different numerical techniques [15, 16, 26, 27]. 
Comparing our results with the experimental data and other 
computations, we see that our turbulence model predicted the 
mean flows reasonably well except in regions where thin shear 
layers are not sufficiently resolved by the numerical grid. The 
turbulence intensities are also predicted fairly well. There are, 
however, noticeable errors in u' near the wall and downstream 
of Simpson's separated boundary layer. 
There are, of course, many possibilities for extension of the 
work described in this paper. For example, a more flexible 
computational grid, adaptable to curved surfaces would be 
desirable. Further application to other flows should include 
wake flow behind bluff bodies when the two-dimensional, 
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oscillatory flow structure should be amplified relative to that 
found in the case of the backward-facing step. 
Acknowledgments 
This research was supported by the Air Force Office of 
Scientific Research under grant AFOSR-79-0118. The com-
putations were performed on the ASC computer at the 
Geophysical Fluid Dynamics Laboratory of Princeton 
University. 
References 
1 Simpson, R. L., Chew, Y.-T., and Shivaprasad, B. G., "The Structure of 
a Separating Turbulent Boundary Layer. Part 1. Mean Flow and Reynolds 
Stresses," Journal of Fluid Mechanics, Vol. 113, 1981, pp. 23-51. 
2 Simpson, R. L., Chew, Y.-T., and Shivaprasad, B. G., "The Structure of 
a Separating Turbulent Boundary Layer. Part 2. Higher-Order Turbulence 
Results," Journal of Fluid Mechanics, Vol. 113, 1981, pp. 53-73. 
3 Shiloh, K., Shivaprasad, B. G., and Simpson, R. L., "The Structure of a 
Separating Turbulent Boundary Layer. Part 3. Transverse Velocity 
Measurements," Journal of Fluid Mechanics, Vol. 113, 1981, pp. 77-90. 
4 Mellor, G. L., "Analytic Prediction of the Properties of Stratified 
Planetary Surface Layers," Journal of Atmospheric Sciences, Vol. 30, No. 6, 
1973, pp. 1061-1069. 
5 Mellor, G. L., and Yamada, T., "Development of a Turbulence Closure 
Model for Geophysical Fluid Problems," Reviews of Geophysics and Space 
Physics (to be published) 1982. 
6 Mellor, G. L., and Celenligil, M. C , "Some Calculated Elliptical Tur-
bulent Flow Cases (0331, 0421, 0431) for Submission to the Stanford Con-
ference on Complex Turbulent Flows," Proceedings of the 1980-81 AFOSR-
HTTM-Stanford Conference on Complex Turbulent Flows: Comparision of 
Computation and Experiment, Stanford, Calif., Sept. 1981. 
7 Roache, P. J., Computational Fluid Dynamics, Hermosa Publishers, 
1976. 
8 Mellor, G. L., "The Effects of Pressure Gradients on Turbulent Flow 
Near a Smooth Wall," Journal of Fluid Mechanics, Vol. 24, Part 2, 1966, pp. 
255-274. 
9 Simpson, R. L., Strickland, J. H., and Barr, J. W., "Features of a 
Separated Turbulent Boundary Layer in the Vicinity of Separation," Journal of 
Fluid Mechanics, Vol. 79, 1977, pp. 553-594. 
10 Simpson, R. L., "A Model for the Backflow Mean Velocity Profile," 
AIAA Journal, Vol. 21, 1983, pp. 142-143. 
11 Tani, I., Iuchi, M., and Komoda, H., "Experimental Investigation of 
Flow Separation Associated With a Step or a Groove," Aeronautical Research 
Institute, Report No. 364, Vol. 27, No. 4, 1961, pp. 119-137. 
12 Abbott, D. E., and Kline, S. J., "Theoretical and Experimental Investiga-
tion of Flow Over Single and Double Backward-Facing Steps," Report MD-5, 
Thermosciences Division, Dept. of Mech. Eng., Stanford University, June 1961. 
13 Bradshaw, P., and Wong, F. Y. F., "The Reattachment and Relaxation of 
a Turbulent Shear Layer," Journal of Fluid Mechanics, Vol. 52, Part 1, 1972, 
pp. 113-135. 
14 Kim, J., Kline, S. J., and Johnston, J. P., "Investigation of Separation 
and Reattachment of a Turbulent Shear Layer: Flow Over a Backward-Facing 
Step," Report MD-37, Thermosciences Division, Dept. of Mech. Eng., Stan-
ford University, 1978. 
15 Ashurst, W. T., Durst, F., and Tropea, C , "Two-Dimensional Separated 
Flow: Experiment and Discrete Vortex Dynamics Simulation," Report 
SAND79-8830, 1980. 
16 Briggs, M., Mellor, G. L., and Yamada, T., "A Second Moment Tur-
bulence Model Applied to Fully Separated Flows," Turbulence in Internal 
Flows 249-276, S. M. B. Murthy, ed., Hemisphere Pub. Corp., 1977. 
17 Celenligil, M. C , "Numerical Solution of Incompressible Planar Tur-
bulent Separated Flows," Ph.D. thesis, Mechanical and Aerospace Engineering, 
No. 1548-T, Princeton University, June 1982. 
18 Eaton, J. K., and Johnston, J. P., "An Evaluation of Data for the 
Backward-Facing Step Flow: Report Prepared for the 1980/81 Conferences on 
Complex Turbulent Flows," Jan. 1980. 
19 Eaton, J. K., and Johnston, J. P., "Low-Frequency Unsteadiness of a 
Reattaching Turbulent Shear Layer," Proceedings of the Third International 
Symposium on Turbulent Shear Flows, Davis, Calif., Sept. 1981. 
20 Westphal, R. V., Eaton, J. K., and Johnston, J. P., "A New Probe for 
Measurement of Velocity and Wall Shear Stress in Unsteady, Reversing Flow," 
ASME JOURNAL OF FLUIDS ENGINEERING, Vol. 103, 1981, pp. 478-382. 
21 Guitton, D. E., Ph.D. thesis, McGill University, Montreal, 1970. 
22 Wyngaard, J. C , Tennekes, H., Lumley, J. L., and Margolis, D. P., 
"Structure of Turbulence in a Curved Mixing Layer," Physics of Fluids, Vol. 
11, 1968, p. 1251. 
23 So, R. M. C , and Mellor, G. L., "Experiment on Convex Curvature Ef-
fects in Turbulent Boundary Layers," Journal of Fluid Mechanics, Vol. 60, 
Part 1, 1973, pp. 43-62. 
24 Castro, I. P., and Bradshaw, P., "The Turbulence Structure of a Highly 
Curved Mixing Layer," Journal of Fluid Mechanics, Vol. 73, Part 2, 1976, pp. 
265-304. 
25 Mellor, G. L., "A Comparative Study of Curved Flow and Density-
Stratified Flow," Journal of Atmospheric Sciences, Vol. 32, No. 7, 1975, pp. 
1278-1282. 
26 Pletcher, R. H., "Prediction of Incompressible Turbulent Separating 
Flow," ASME JOURNAL OF FLUIDS ENGINEERING, Vol. 100, 1978, pp. 427-433. 
27 Gibson, M. M., and Rodi, W., "Reynolds-Stress Closure Model of Tur-
bulence Applied to the Calculation of a Highly Curved Mixing Layer," Journal 
of Fluid Mechanics, Vol. 103, February 1981, pp. 161-182. 
476/Vol. 107, DECEMBER 1985 Transactions of the ASME 
Downloaded From: https://fluidsengineering.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
